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partner to yield radical 3. Deprotonation yields radical anion 4 which can propagate the chain through electron transfer to aryl halide 1, simultaneously releasing biaryl product 5. The majority of reports are concerned with the couplings of aryl iodides. How the aryl radical 2 is generated in the first place (initiation) has not been extensively explored. 14, 15, 17, 18 A host of reported organic additives (amino acids, alcohols, 1,2-diamines) were analysed in one study by our group to probe the mechanism of initiation. 18 We proposed a simple unifying mechanism for these additives, in each case involving formation of an organic electron donor. Both neutral electron donors like 6 and simple enolates e.g. 7,8 can activate aryl iodides under facile SET reactions. The key structural component of the electron donor is an alkene that is substituted by one or more electron-donating groups. Forming the aryl radicals in this way initiates the chain reaction shown in Scheme 1. Scheme 1 involves two electron transfer steps (i) in initiation and (ii) in propagation, converting radical anion 4 to product 5. A crucial question relates to which electron donor is the bottleneck. Specifically, if the initiating electron donor is made stronger so that it can initiate aryl bromides, will radical anion 4 be a strong enough donor to propagate the chain? An answer to this came in a recent breakthrough with the report that the additive, 2-pyridinecarbinol 11, initiates coupling of aryl bromides to arenes under mild conditions. 4 Bromoarenes 9 coupled efficiently in the presence of this additive, giving rise to biaryls 10 in moderate to high (43-88%) yields (Scheme 2). Clearly, a more reactive electron donor than normal is present to initiate the reaction and, following initiation, the reaction can indeed be sustained by electron transfer from 4. Scheme 1. Radical Chain Mechanism depicting BHAS; initiation by organic electron donors e.g. 6-8.
In our hands, the coupling of 4-bromotoluene 9 (R = p-Me) to benzene under Kwong's conditions (2 equiv. KOtBu, 10 mol% 11, 80 o C for 24 h in benzene solvent) worked as stated and gave the biaryl product 10 (R = p-Me) in 60% isolated yield, 4 so we resolved to probe the mechanism of action of 11. Although initiation routinely occurs through formation of an organic electron donor, 8, 18 a second, more sluggish route to initiation can occur when the substrate can form a benzyne, and this background mechanism can cloud the picture. Kwong et al. observed no coupling of 4-bromotoluene to benzene in the absence of additive 11, 4 suggesting initiation via benzyne was not occurring under their conditions. Our mechanistic studies would benefit from freedom to explore a range of conditions, and to guard against side-reactions with benzynes, we chose coupling substrates 12a,b which completely rule out benzyne formation, allowing us to compare additives and confidently focus solely on their ability to form electron donors in situ.
Because of the steric properties of its derived aryl radical, the yields from substrates 12a,b are always lower than for simple substrates like the 4-bromotoluene reported above, but the mechanistic information provided is invaluable. To compensate for the lower reactivity of 12, we used harsher conditions (3 equiv. KOtBu, 10 mol% 11, 150 o C for 21 h in benzene solvent).
Substrate 12b (Table 1 , Entry 3) reacted more efficiently than the bromide 12a (Table 1 , Entry 2) affording the combined biaryls (13 and 14) as the major component, and so we adopted 12b as our routine substrate. The formation of products 13 and 14 confirmed that electron transfer was occurring, following generation of an organic electron donor from 11 (Scheme 1).
Scheme 3.
Proposed mechanistic pathways for activation of additives.
We considered how reaction of KOtBu with 11 could form an organic electron donor. Chain reaction initiation is possible with very low concentrations of active species, allowing consideration of intermediates that would be ruled out of stoichiometric synthetic pathways One mechanism 18 could involve double deprotonation of 11 by KOtBu, firstly at the alcohol and secondly at the benzylic position (Scheme 3, pathway A) to afford 20. An alternative mechanism could involve oxidation of the pyridinol anion 18 via hydride loss. 18 Hydride loss from primary and secondary alcohols has been demonstrated under the conditions of the coupling reactions. The resulting aromatic aldehyde 22 would not be an electron donor, of course, but it could be susceptible to nucleophilic attack either at the aldehyde function (Scheme 3) to afford 24 or at the aromatic ring, presumably at the ortho-position or para-position (to give 28). Deprotonation of 24 and 28 respectively would give rise to organic donors 26 and 30. To shed light on the mechanisms of initiation of the 2-pyridinecarbinol (11), a number of analogues ( Figure 1 ) were employed as additives in the coupling reaction of 12. Heating 12 in benzene with KOtBu (3 equiv.) and additive (0.1 equiv.) afforded 13, 14 and 15. Products are clearly identified in the 1 H NMR spectrum of the reaction mixture allowing facile determination of the ratio of 12 : 13 : 14 : 15. In key cases, biaryls 13 and 14 were isolated by chromatography (as an inseparable mixture) and yields determined or, alternatively, quantified by the use of an internal standard. All reactions were performed using the same scale of 12, (116 mg, 0.5 mmol) under identical conditions of temperature, numbers of reagent equivalents, solvent volumes and time. For key comparisons of additives, a pair of reactions was run side-by-side and the reaction pair repeated. Blank reactions without additive (Table 1 , Entry 1) confirmed the non-reactivity of 12 due to the inability of KOtBu to act as an electron donor to haloarenes, as evidenced previously. [17] [18] [19] [20] To investigate the effect of blocking the benzylic position of 2-pyridinecarbinol 11, gem-dimethyl additive 31 was tested under the reaction conditions side-by-side with 11 (the reactions were repeated to confirm reproducibility, Table 1 , Entries 3-4). It is clearly seen that the gem-dimethyl additive 31 is not capable of effecting the coupling, consistent with an important role for benzylic C-H deprotonation. 21 Blocking the hydroxyl proton as its methyl ether in additive 32 halted the reaction, and removing the hydroxyl group as in additive 33 resulted in significant loss of reactivity (Table 1 , Entries 5-6). These results strongly suggest that double deprotonation (Scheme 3, pathway A) is the major pathway of electron donor formation from 11. Next, 4-pyridinecarbinol 34 and 3-pyridinecarbinol 35 (Table 1 , Entries 7-8) were investigated and displayed a decrease in reactivity in that order. Upon deprotonation, 11 can delocalise its negative charge onto the pyridine N-atom whereas 35 cannot. Deprotonation at the benzylic position was confirmed when 11 was treated (in the absence of 12) with KOtBu (2 equiv.) in PhH/D2O (1 : 1) at 130 o C for 18 h, resulting in deuteration at the benzylic position (see Supporting Information). Next, 2-pyridinecarboxaldehyde 36 and 4-pyridinecarboxaldehyde 37 were tested (Table 1 , Entries 9-10) and resulted in appreciably lower reactivity than the corresponding carbinols 11 and 34. If the pyridinecarbinols underwent hydride loss (as evidenced for other alcohol additives) 18 as the main pathway for generating single electron donors, then the pyridinecarboxaldehyde additives (36 and 37) should be more reactive than the pyridinecarbinol additives (11 and 34). To further probe mechanisms, benzaldehyde 21 and corresponding substituted or deuterated analogues were subjected to the reaction conditions. Benzaldehyde 21 was tested side-by-side with 4-(tert-butyl)benzaldehyde 38 (the reaction pair was repeated to confirm reproducibility, Table 1 , Entries 11-12) demonstrating that blocking the para-position halved the conversions. 4 To investigate the effect of deuteration, benzaldehyde-d6 (21-d6) synthesised from toluene-d8 was compared side-by-side ( In this study, it is double-deprotonation of 2-pyridinecarbinol 11 which forms the most potent electron donor (20) , which can initiate reactions of bromoarenes. However, it is ineffective at initiating reactions of chloroarenes. When 2,6-dimethylchlorobenzene 12c was treated with 11 under our conditions, only trace levels of biaryls were observed; the reaction was run side-by-side with a blank reaction where 11 was omitted (Table 1 , entries 25 and 26). Our findings mirrored Kwong's when 4-chlorotoluene was used under their conditions, giving a very low 8% yield of 10 (R = p-Me) by internal standard. An analogue of 11 with an additional alkoxy-substituent (49) (which mimics dianion 30 upon double deprotonation) was no more effective. Cyclic voltammetry studies suggest that the thermodynamics for the reduction of chloroarenes by these dianions are favourable (see Supporting Information). 26 Similarly, the oxidation potentials for biphenyl radical anions (e.g.
4)
27 are sufficiently negative to reduce chloroarenes, so that it is the kinetics of the chloroarene reactions (probably associated with the loss of chloride ion from the chloroarene radical anion) that constitute the bottleneck. To conclude, reaction of 2-pyridinecarbinol 11 with KOtBu affords a potent electron donor, which facilitates coupling of bromobenzenes to arenes. 4 Double-deprotonation plays a key role in coupling reactions initiated by 11. It identifies a secondary pathway for conversion of benzylic alcohols into electron donors, involving initial in situ oxidation of the alcohol. Understanding the initiation of transition metal-free cross coupling reactions is key to unlocking milder conditions and to coupling more challenging substrates in these reactions.
ratio of 12:13:14:15 was 1:<0.01:<0.01:<0.01 which corresponded with a biaryl yield of 0.3 mg (using 10 mol% 1,3,5-trimethoxybenzene as an internal standard), consistent with previous findings. 18 It might be imagined that this background reactivity should be 0 rather than <0.5 mg, but it is clear that a very small amount of background reaction arises from other less prevalent pathways. In this regard, pyridines + KOtBu afford electron donors, 17 although the process is very inefficient, and requires pyridine in great excess as solvent to work well. 
GENERAL EXPERIMENTAL INFORMATION
Unless stated otherwise, reactions were performed in oven-dried pressure tubes in a nitrogen-filled glove box (Innovative Technology Inc., U.S.A.) using dry, degassed solvents. Heating was achieved through use of a silicone oil bath. Diethyl ether, tetrahydrofuran, dichloromethane and hexane were dried with a Pure-Solv 400 solvent purification system by Innovative Technology Inc., U.S.A. For purposes of thin layer chromatography (TLC), POLYGRAM ® SIL G/ UV254 silica plates were used, with UV light (254 nm) and phosphomolybdic acid stain used for visualisation. Purification was achieved by column chromatography using silica gel 60 (200 -400 mesh). 
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Cyclic voltammetry was conducted using a three-electrode setup consisting of a platinum wire working electrode (d = 1.0 mm), saturated calomel reference electrode and platinum gauge counter electrode. Electrochemical measurements were carried out in a glovebox under N 2 using an Autolab ® /PGSTAT302N potentiostat. Ferrocene and n-Bu 4 NPF 6 were purchased commercially and used as supplied.
PREPARATION OF ADDITIVES
Benzaldehyde (21)
Prepared according to a literature procedure. [1] To a solution of toluene (1.25 g, 12.5 mmol) in 3. 2-Phenoxy-1-phenylethanol (47) Prepared according to a literature procedure. [3] An oven-dried flask was charged with 2-phenoxy-1-phenylethanone (48) (91 .0 mg, 0.42 mmol) and 6.5 mL ethanol was added. NaBH 4 (19.5 mg, 0.50 mmol) was added in one portion at rt. The flask was equipped with a reflux condenser and heated at reflux for 2 h, before cooling to rt and pouring onto ice. Excess NH 4 Cl was added (until pH = 5 -6) and the reaction mixture stirred for 1 h. 
TRANSESTERIFICATION OF ETHYL BENZOATE WITH POTASSIUM tert-BUTOXIDE
To an oven-dried pressure tube was added ethyl benzoate 46 (75.1 mg, 0.5 mmol). KOtBu (168 mg, 
COUPLING OF 4-BROMOTOLUENE UNDER LITERATURE CONDITIONS
Prepared according to a literature procedure. [8] To an oven-dry pressure tube was added 4- 
GENERAL PROCEDURES FOR COUPLING REACTIONS OF 2,6-DIMETHYLHALOBENZENES
To an oven-dried pressure tube was added 2,6-dimethylhalobenzene (0.5 mmol) and 'initiator' (0.05 mmol). KOt-Bu (168 mg, 1.5 mmol) and benzene (5 mL This study.
COUPLING OF 4-CHLOROTOLUENE UNDER LITERATURE CONDITIONS
According to a modified literature procedure. [8] To an oven-dried pressure tube was H NMR. This is consistent with the literature which reports an 8% yield of 10 (determined by calibrated GC methods) under identical conditions. [8] This reaction was conducted side-by-side with a blank reaction (carried out as above, but without additive 11) which gave no detectable coupled product.
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Alternatively, a reaction carried out at 80 °C for 24 h (using the above conditions, but with 0.1 equiv.
of additive 11) gave only a trace amount of coupled product.
SYNTHESIS OF (5-METHOXYPYRIDIN-2-YL)METHANOL FOR USE AS AN ADDITIVE IN

COUPLINGS OF CHLOROARENES METHYL 5-METHOXYPYRIDINE-2-CARBOXYLATE (51)
Iodomethane ( 
COUPLING OF 4-CHLOROTOLUENE USING (5-METHOXYPYRIDIN-2-YL)METHANOL AS AN ADDITIVE
According to a modified literature procedure. [8] To This reaction was conducted side-by-side with a blank reaction (carried out as above, but without (5-methoxypyridin-2-yl)methanol 49) which gave no detectable coupled product.
CYCLIC VOLTAMMETRY
All solutions were prepared at 10 mM concentration (in 0.1 M Bu 4 NPF 6 /DMF) using ferrocene as an external standard to ensure consistency throughout the study and whose peak height (ca. 4.7 x 10 2.0x10 -6 3.0x10 -6 4.0x10 -6 5.0x10 -6 6.0x10 -6 Current ( 
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The CV for 2,6-dimethylchlorobenzene 12a and 2,6-dimethylchlorobenzene 12c, at a scan rate of 50 mV s
1
, each show (by comparison with ferrocene) a single-electron reduction peak at 2.40 and 2.60 V, respectively. These potentials are consistent with literature values for chlorobenzene and bromobenzene (2.40 V vs. SCE). [19] The resulting radical anions must have some lifetime (if fragmentation to the aryl radical had occurred, a two-electron reduction would have been expected, since aryl radicals are easier to reduce than haloarenes). [20] The CV for 2-pyridinecarboxaldehyde (36), ethyl 2-picolinate and methyl 5-methoxypyridine-2-carboxylate (51), at a scan rate of 50 mV s
, each show single-electron reduction peaks at 1.55, 2.04 and 2.14 V, respectively. The cathodicanodic peak separation for each of these reductions, E p-p obtained was 100 mV (close to the value obtained for ferrocene at the same scan rate (90 mV cf. 59 mV/n for an ideal one-electron transfer), indicating a high degree of reversibility (and so rapid kinetics) for the electron transfer processes.
In the case of 2-pyridinecarboxaldehyde (36), a second event is visible at a potential ≤ -2.50 V vs.
SCE. For ethyl 2-picolinate the second event is more visible and an oxidation peak can be observed at a potential ≥ -2.50 V vs. SCE. For methyl 5-methoxypyridine-2-carboxylate (51) the event is no longer visible and likely occurs at a potential more negative than -2.50 V vs. SCE. This suggests feasible thermodynamics for the reduction of bromo-and chloroarenes (E p = -2.40 V and -2.60 V vs.
SCE, respectively) with these pyridinecarbinol-derived dianions and that the dianion derived from methyl 5-methoxypyridine-2-carboxylate (50) appears to be more reducing than 2-pyridinecarboxaldehyde (36). However, in reactions of chloroarenes 2-pyridinecarbinol (11) appears to be a more effective (although ineffective in general) additive than (5-methoxypyridin-2-yl)methanol (49). This is rationalised by the additional alkoxy-substituent serving to deactivate benzylic deprotonation by releasing electrons into the aromatic ring.
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